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•  Amorphous  MoS2  nanoflowers  have 
been  successfully  prepared  by  a  hy¬ 
drothermal  method. 

•  Amorphous  MoS2  nanoflowers 
exhibit  excellent  activity  and  stability 
in  the  HER. 

•  A  relatively  low  Tafel  slope  of 
52  mV  dec  1  was  obtained. 

•  A  small  onset  potential  of  -130  mV 
was  also  observed. 
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Amorphous  MoS2  nanoflowers  assembled  by  lamellar  nanosheets  have  been  successfully  synthesized  by 
a  facile  hydrothermal  method.  They  were  characterized  by  X-ray  diffraction  (XRD),  Raman  spectroscopy, 
scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy  (TEM),  and  evaluated  as 
electrochemical  catalysts  in  the  hydrogen  evolution  reaction  (HER).  Moreover,  the  effect  of  preparation 
temperature  was  also  discussed.  It  was  found  that  these  catalysts  exhibited  excellent  HER  activity 
compared  to  commercial  bulk  MoS2  microparticles  due  to  the  special  structure  of  nanoflowers  assembled 
by  nanosheets  with  few  layers,  exposing  much  more  active  sites  and  reducing  intrinsic  resistance.  And 
the  catalyst  obtained  at  220  °C  showed  the  best  activity  with  the  largest  exchange  current  density  and 
the  smallest  Tafel  slope  of  52  mV  dec-1,  which  made  it  a  promising  HER  electrocatalyst  for  practical 
applications. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  we  all  know,  hydrogen  energy  is  an  ideal,  clean  and  efficient 
secondary  energy  resource.  It  serves  as  one  of  the  most  promising 
candidates  for  replacing  petroleum  fuels  in  future.  The  commonest 
way  to  obtain  hydrogen  is  water  electrolysis,  as  it  is  abundant  and 


*  Corresponding  author.  School  of  Materials  Science  and  Engineering,  Central 
South  University,  Yuelu  Road,  Changsha,  Hunan  410083,  PR  China.  Tel.:  +86  731 
88877221. 

E-mail  address:  zwu2012@csu.edu.cn  (Z.  Wu). 

http://dx.doi.Org/10.1016/j.jpowsour.2014.04.066 
0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 


contains  no  carbon.  Although  some  noble  metals  such  as  Platinum 
and  Palladium  are  well-known  for  their  superior  electrocatalytic 
property  in  the  HER  in  an  acidic  medium  and  commonly  used  as 
electrocatalysts  in  the  applications  [1,2],  large-scale  application  of 
them  is  limited  due  to  their  high  prices  and  global  low  availabilities 
[3-6].  To  find  an  inexpensive,  highly  active,  acid-stable  HER  elec¬ 
trocatalyst  has  become  an  urgent  need  7-9]. 

Transitional  metal  sulfides  such  as  nanometer-scaled  M0S2  and 
WS2  have  attracted  considerable  attention  recently  as  inorganic 
electrocatalysts  for  HER  because  of  their  low  cost,  high  chemical 
stability  and  excellent  electrocatalytic  properties  [10,11  .  Bulk  M0S2 
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is  a  poor  catalyst  [12],  however,  nano-crystals  of  M0S2  and  related 
metal  sulphides  are  more  active  [13-15].  Therefore,  great  efforts 
have  been  made  to  design  the  composites  and  structures  of  M0S2  so 
that  excellent  HER  activity  can  be  obtained.  Generally,  to  gain 
highly  active  M0S2  catalysts,  there  are  three  strategies:  (1) 
increasing  the  intrinsic  activity  of  active  sites,  (2)  improving  the 
electrical  contact  to  these  sites,  and  (3)  increasing  the  number  of 
active  sites.  Ni,  Co  and  Fe  were  adopted  to  improve  the  intrinsic 
activity  [16],  and  more  highly  conductive  materials  were  added  to 
improve  the  electrical  contact,  including  reduced  grapheme  oxide 
[17],  carbon  nanotubes  [18],  carbon  nanospheres  [15],  and  so  on. 
With  respect  to  the  last  issue,  the  structure  design  of  M0S2  has 
attracted  great  attentions  to  obtain  more  active  sites.  Kibsgaard 
engineered  the  surface  structure  of  MoS2  to  gain  preferentially 
exposed  active  edge  sites  adopting  a  double-gyroid  template,  pre¬ 
senting  a  small  Tafel  slope  [19].  Kong  proposed  a  novel  chemical 
vapor  deposition  method  to  synthesize  M0S2  films  with  vertically 
aligned  layers,  which  show  rich  active  edge  sites  and  possess  a  Tafel 
slope  of  105—120  mV  dec-1  [20].  In  our  previous  work,  we 
designed  M0S2  nanosheets  with  a  high  active  site  density  by  a 
microdomain  method,  and  a  high  edge/basal  ratio  was  obtained 
showing  a  small  Tafel  slope  of  68  mV  dec-1  [21  ].  However,  although 
the  active  edge  planes  are  highly  exposed,  the  HER  activity  is  still 
limited  due  to  the  high  resistance  between  two  adjacent  van  der 
Waals  bonded  S-Mo— S  layers.  Yu  et  al.  also  demonstrated  that  the 
catalytic  activity  of  M0S2  for  the  hydrogen  evolution  reaction 
decreased  by  a  factor  of  about  4.47  for  the  addition  of  every  one 
more  layer  [22].  Therefore,  the  design  of  highly  efficient  M0S2 
catalyst  for  the  HER  not  only  desires  more  active  edge  sites  asso¬ 
ciated  with  higher  stacking,  but  also  requires  lower  intrinsic 
resistance  associated  with  lower  stacking.  Remarkably,  there  is  a 
contradiction  between  the  intrinsic  resistance  and  active  sites 
related  to  the  stacking  height,  and  a  suitable  balance  must  be 
approached  for  the  design  of  a  highly  active  M0S2  HER  catalyst. 

In  the  present  work,  a  novel  structure  of  M0S2  nanoflower 
assembled  by  nanosheets  with  few  layers  has  been  synthesized  via 
a  simple  hydrothermal  method  using  Na2S  as  the  sulfide  agent.  Due 
to  the  highly  exposed  edge  sites  and  relatively  low  stacking  height, 
a  suitable  balance  and  excellent  HER  activity  can  be  expected,  and 
the  effect  of  preparation  temperature  was  also  discussed. 

2.  Experimental 

2.1.  Preparation  of  amorphous  M0S2 

A  typical  procedure  is  shown  as  follows.  0.88  g  Ammonium 
molybdate  ((NH4)6Mo7024  -4H20)  was  dissolved  in  10  ml  of  distilled 
water,  and  then  8  ml  of  hydrazine  monohydrate  (N2H4  H20, 86%)  as 
reducing  agent  was  injected.  The  mixture  solution  was  stirred  for 
0.5  h,  and  then  2.64  g  Na2S  •  9H2O  dissolved  in  10  ml  of  distilled  water 
and  10  ml  of  hydrochloric  acid  was  injected  and  stirred  for  another 
10  min.  The  final  solution  was  transferred  into  a  100  ml  Teflon-lined 
stainless  steel  autoclave  and  heated  at  160  °C  for  12  h.  After  filtering, 
black  powders  were  collected,  dried  at  60  °C  for  5  h  and  then 
retained  for  use.  Other  samples  were  also  prepared  in  the  same  way 
with  different  preparation  temperatures  at  180  °C,  200  °C,  220  °C  and 
240  °C,  respectively.  And  the  samples  were  marked  as  M0S2-I6O, 
M0S2-I8O,  M0S2-2OO,  M0S2-22O  and  M0S2-24O  associated  with  their 
preparation  temperatures.  Commercial  bulk  M0S2  microparticles 
were  also  selected  to  give  a  comparison,  marked  as  CB-M0S2. 

2.2.  Physical  characterization 

X-ray  powder  diffraction  (XRD)  patterns  for  the  various  elec¬ 
trocatalysts  were  recorded  using  a  D/max-2500  system  with  Cu  Ka 


radiation  (A  =  0.154  nm).  Raman  spectroscopy  was  recorded  using 
the  instrument  LabRAMHR-800  of  French  company  HRIBA.  Micro¬ 
structures  were  observed  by  the  scanning  electron  microscopy 
(SEM,  FEI  Sirion  200)  and  transmission  electron  microscopy  (TEM, 
JEOL-2010). 

2.3.  Electrochemical  characterization 

Typically,  1  mg  of  amorphous  M0S2  catalyst  and  80  pL  Nation 
solution  (5  wt%)  were  dispersed  in  1  ml  of  a  solution  composed  of 
200  pL  ethanol  and  800  pL  distilled  water.  After  sonication  for 
30  min,  5  pL  of  the  catalyst  slurry  was  dropped  onto  the  surface  of  a 
GCE  (glassy  carbon  electrode)  (3  mm  in  diameter).  And  then  the 
GCE  was  dried  at  room  temperature  to  yield  a  catalyst  loading  of 
71  pg  cm-2. 

The  electrochemical  measurements  were  carried  out  in  a  stan¬ 
dard  three-electrode  setup.  The  electrocatalytic  activity  of  M0S2  was 
examined  through  linear  sweep  voltammetry  (LSV)  with  a  scan  rate 
of  2  mV  s_1  on  an  IM6ex  (Zahner,  Germany)  in  0.5  M  H2SO4  at  room 
temperature.  A  saturated  calomel  electrode  (SCE)  was  employed  as 
the  reference  electrode  and  a  Pt  foil  as  the  counter  electrode.  Elec¬ 
trode  potentials  were  recorded  vs  SCE  reference  electrode,  which 
was  calibrated  with  respect  to  reversible  hydrogen  electrode  (RHE). 
Before  the  electrochemical  measurements,  the  electrolyte  solution 
was  purged  with  N2  for  1  h  to  remove  completely  the  oxygen,  and 
stable  polarization  curves  were  recorded  after  20  cycles.  The  turn¬ 
over  frequencies  were  calculated  from  the  exchange  current  den¬ 
sities  using  the  following  relation  [12]: 

TOF(s“1)  =  0'o.  Acm-2)/[(1.5  x  1015  sites  cm-2)  (1.602  x  10^19C/e“) 
(2e-/H2)] 


3.  Results  and  discussion 

3.1.  Structure  characterization 

X-ray  powder  diffraction  (XRD)  patterns  of  various  samples 
obtained  at  different  temperatures  are  shown  in  Fig.  1.  We  can  see 
that  all  the  XRD  patterns  present  low  diffraction  peaks  of  (002) 
compared  to  bulk  CB-M0S2  (inset),  indicating  poor  crystallinity. 
However,  the  slight  (100)  and  (110)  diffraction  peaks  still  can 
demonstrate  the  existence  of  M0S2  [23].  With  the  increased 


Fig.  1.  XRD  patterns  of  the  catalysts  obtained  at  various  temperatures  and  CB-M0S2 
(inset). 
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temperature,  the  intensity  of  diffraction  peaks  becomes  sharper, 
indicating  the  improvement  of  crystallinity.  Especially,  the  location 
of  (110)  peak  also  shifted  to  the  high  angles  with  the  increased 
temperature.  More  importantly,  the  absence  of  the  (002)  diffraction 
peak  indicates  a  low  stacking  height  along  this  direction.  And  the 
(002)  only  becomes  remarkable  at  240  °C,  demonstrating  a  higher 
stacking  height  along  the  c-axis.  It  is  noteworthy  that  all  the  peaks 
are  significantly  broadened  than  the  pristine  2H-M0S2  (JCPDS  Card 
No. 73-1508)  due  to  the  worse  crystallinity  and  smaller  particle  size. 
High  HER  activity  can  be  expected  because  of  the  absence  of  (002) 
peaks  leading  to  lower  intrinsic  resistance  at  low  temperatures 
(160-220  °C). 

Raman  spectroscopy  was  employed  to  further  confirm  the  M0S2 
phase,  where  the  appearance  of  two  peaks  at  287  and  380  cnrr1 
corresponds  to  the  Eig  and  E\g  vibrational  models  of  hexagonal  M0S2, 
respectively  (Fig.  2).  It  is  known  that  the  Eig  and  E\g  correlate  with  the 
relative  vibration  mode  along  the  layer  of  the  bond  between  Mo  and 
S.  And  the  E^g  peak  presents  the  in-layer  displacements  of  Mo  and  S 
atoms  [24,25].  The  relatively  larger  E\g  peak  width  and  the  weaker 
intensity  suggest  that  the  crystal  structure  of  M0S2  may  contain 
substantial  defect  sites  [26].  Moreover,  a  mode  around  460  cm'1 
arises  from  a  second-order  process  involving  the  longitudinal 
acoustic  phonons  at  M  point  (LA(M))  at  a  high  temperature  of  240  °C 
[27].  With  the  increased  temperature,  the  peaks  Eig  and  E\g  become 
higher  and  sharper,  demonstrating  a  reduction  of  defects  and  better 
crystallinity.  However,  it  must  be  noted  that  the  Raman  peak  corre¬ 
sponding  to  the  out-of  plane  Mo-S  phonon  mode  (Aig,  408  cm-1)  is 
absent,  indicating  that  the  relative  vibration  along  the  direction  of 
vertical  layer  of  the  bond  between  Mo  and  S  is  not  significant,  which 
is  also  coincident  with  the  absence  of  (002)  peak  in  Fig.  1. 

Due  to  the  similarity  of  catalysts  obtained  at  low  temperatures 
(160-220  °C),  only  the  M0S2-22O  catalyst  is  selected  to  represent 
the  typical  morphologies  and  structures,  as  shown  in  Fig.  3.  The 
SEM  images  provide  a  general  view,  and  show  that  the  catalysts  are 
nanoflowers  with  a  diameter  of  100-500  nm,  assembled  by 
lamellar  nanosheets  (Fig.  3a  and  b).  However,  indicated  by  the  XRD 
pattern,  the  size  of  M0S2-24O  is  much  larger  with  remarkable  ag¬ 
gregations,  as  shown  in  Fig.  SI  (Supporting  information).  A  further 
insight  was  obtained  by  TEM.  It  can  be  observed  that  these  nano¬ 
flowers  are  assembled  by  nanosheets,  which  are  about  100  nm  in 
length  and  10  nm  in  thickness,  respectively,  as  shown  in  Fig.  3c. 
More  information  is  obtained  in  Fig.  3d  with  a  higher  magnification. 
It  can  be  observed  that  the  M0S2  nanosheets  are  short  with  low 
stacking  height,  presenting  an  expanded  interlayer  distance  of 
0.8  nm,  much  larger  than  the  standard  value  of  0.62  nm,  indicating 
a  significant  lattice  expansion  [13].  More  importantly,  there  are 


Fig.  2.  Raman  spectra  of  various  MoS2  samples. 


many  defects  in  the  stacking  structures,  as  shown  in  the  insert 
image  of  Fig.  3d,  which  increase  the  interlayer  resistance  and  will 
lead  to  a  remarkable  decrease  of  the  final  HER  activity.  Although  the 
previous  XRD  and  Raman  analysis  demonstrate  the  absence  of 
(002)  peaks  and  layer  stacking  along  c-axis,  there  are  still  stacking 
structures  observed  with  expanded  interlayers.  This  abnormal 
phenomenon  should  be  attributed  to  the  existence  of  rich  defects, 
which  greatly  deteriorate  the  crystallinity,  leading  to  the  missing  of 
related  XRD  and  Raman  signals. 

3.2.  Electrocatalytic  activity  toward  the  HER 

The  polarization  curves  of  all  the  samples  measured  in  0.5  M 
H2SO4  with  a  scan  rate  of  2  mV  s'1  at  room  temperature  are  shown 
in  Fig.  4.  All  the  M0S2  samples  exhibit  much  better  activity  than  the 
commercial  bulk  M0S2  (-350  mV)  with  more  positive  onset  po¬ 
tentials  between  -130  and  -220  mV,  which  can  be  attributed  to  the 
special  nanoflower  structures  assembled  by  nanosheets.  Generally, 
it  is  widely  accepted  that  the  HER  active  sites  are  located  on  the  edge 
planes  [12,21  ].  And  tailoring  the  microstructures  of  M0S2  to  obtain 
more  exposed  edge  planes  can  greatly  enhance  the  HER  activity.  In 
the  present  case,  compared  to  the  commercial  microparticles,  the 
M0S2  nanoflowers  assembled  by  lamellar  nanosheets  possess  much 
more  exposed  edge  planes,  which  can  significantly  improve  the  final 
HER  activity.  Among  these  catalysts,  the  M0S2-22O  shows  the  best 
HER  activity  with  the  most  positive  onset  potential  of  -130  mV  and 
a  current  density  of  13.8  mA  cm-2  at  -300  mV,  which  is  nearly  77 
times  larger  than  that  of  the  CB-M0S2  (0.18  mA  cm-2).  However, 
each  amorphous  M0S2  sample  exhibits  a  quite  different  catalytic 
activity,  which  is  decided  by  their  intrinsic  structures.  As  shown  in 
Fig.  4,  with  the  increased  preparation  temperature,  the  HER  activity 
of  M0S2  samples  firstly  is  increased  and  reaches  the  maximum  value 
at  220  °C,  then  drops  down  sharply  afterward.  M0S2-I6O  shows  the 
worst  catalytic  activity  among  these  amorphous  M0S2  catalysts 
with  an  onset  potential  of  -220  mV  and  a  current  density  of 
0.432  mA  cm-2  at  -300  mV,  but  still  better  than  CB-M0S2.  The 
catalysts  obtained  at  low  temperatures  generally  contain  rich  de¬ 
fects,  which  can  provide  more  active  sites  and  is  beneficial  to  the 
final  HER  activity.  However,  more  defects  also  make  in-layer  con¬ 
ductivity  worse  at  the  same  time.  Therefore,  there  is  a  balance  be¬ 
tween  more  active  sites  and  worse  conductivity.  With  the  increased 
temperature,  the  crystallinity  is  improved,  indicating  less  defects 
and  better  conductivity.  And  the  latter  plays  the  predominant  role  in 
the  final  HER  activity.  Therefore,  the  activity  is  enhanced  gradually 
with  the  increased  temperatures  from  160  to  220  °C,  and  reaches 
the  maximum  value  at  220  °C.  However,  a  higher  temperature 
(240  °C)  promoted  the  significant  improvement  of  crystallinity, 
resulting  in  a  remarkable  (002)  diffraction  peak,  indicating  a  higher 
stacking,  as  shown  in  Fig.  1.  It  must  be  noted  that  the  resistance 
between  layers  of  M0S2  is  much  larger  than  that  in  layers,  which  will 
greatly  deteriorate  the  HER  activity  [28,29  .  As  a  result,  the  activity 
of  M0S2-24O  is  even  worse  than  that  of  MoS2-200  due  to  less  defects 
and  worse  conductivity. 

A  smaller  Tafel  slope  means  a  faster  increase  of  the  HER  rate 
with  increased  potentials.  The  Tafel  plots  of  these  amorphous  M0S2 
samples  derived  from  the  polarization  curves  shown  in  Fig.  4  fit 
well  with  the  Tafel  equation  {13  =  blog  j  +  a,  where  j  is  the  current 
density  and  b  is  the  Tafel  slope)  at  different  overpotential  ranges,  as 
shown  in  Fig.  5.  The  Tafel  slope  of  these  amorphous  M0S2  samples 
are  between  52  and  86  mV  dec-1,  much  smaller  than  that  of  the  CB- 
M0S2  (186  mV  dec-1).  Moreover,  the  M0S2-22O  shows  the  mini¬ 
mum  value  of  52  mV  dec-1,  which  is  consistent  with  the  most 
positive  onset  potential  of  -130  mV.  The  smaller  Tafel  slope  dem¬ 
onstrates  that  the  amorphous  MoS2  catalysts  possess  a  superior 
catalytic  performance.  Herein,  the  as-obtained  Tafel  slope  of 
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Fig.  3.  SEM  (a  and  b)  and  TEM  (c  and  d)  images  of  MoS2-220. 


52  mV  dec-1  for  M0S2-22O  is  among  the  lowest  records  for  single 
component  M0S2  electrocatalysts  for  the  HER  [19,30,31].  Three 
possible  reaction  steps  have  been  proposed  for  the  HER  in  acidic 
solutions  [32-34]: 

Discharge  reaction  (Volmer): 


H30+  +  e-  -  Hads  +  H20  (1) 

Electrochemical  desorption  reaction  (Heyrovsky): 


Hads  +  H+  +  e"  -  H2  (2) 


Combination  reaction  (Tafel): 

Hads  +  Hads  -  H2  (3) 

Generally,  a  fast  discharge  reaction  (1)  followed  by  a  rate- 
limiting  combination  reaction  (3)  leads  to  a  Tafel  slope  of 
30  mV  dec-1.  When  (1)  is  fast  and  followed  by  a  slow  electro¬ 
chemical  desorption  (2),  a  Tafel  slope  of  40  mV  dec-1  is  obtained. 
Moreover,  if  (1)  is  rate-limiting,  the  Tafel  slope  is  120  mV  dec-1. 
While  these  values  can  be  adopted  as  a  guide  in  identifying  the  HER 
mechanisms,  it  must  be  noted  that  these  calculations  are  based  on  a 
strict  set  of  assumptions  that  do  not  universally  hold.  Thus, 


Fig.  4.  The  polarization  curves  of  all  the  catalysts. 


Fig.  5.  The  Tafel  plots  of  the  MoS2  catalysts  derived  from  the  polarization  curves. 
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Table  1 

Tafel  slopes,  onset  potentials,  exchange  current  densities  j0,  and  turnover  fre¬ 
quencies  (TOFs)  for  various  MoS2  catalysts. 


Catalyst 

Tafel  slope 
(mV  dec-1) 

Onset  potential 
(mV) 

jo 

(xlO-6  A  cm-2) 

TOF 

(s’1) 

CB-M0S2 

186 

-350 

0.34 

0.007 

M0S2-I6O 

86 

-220 

5.94 

0.012 

M0S2-I8O 

76 

-165 

7.08 

0.015 

M0S2-2OO 

54 

-150 

8.24 

0.017 

M0S2-22O 

52 

-130 

14.59 

0.03 

MoS2-240 

75 

-200 

7.59 

0.016 

identifying  the  HER  mechanism  according  to  the  Tafel  slope  anal¬ 
ysis  alone  is  not  always  clear  [32-34  .  And  herein,  it  only  can  be 
concluded  that  the  mechanism  is  a  fast  discharge  reaction  (1)  fol¬ 
lowed  by  either  a  rate-limiting  Heyrovsky  reaction  or  Tafel  reaction. 
As  a  result,  these  two  possible  mechanisms  cannot  be  distinguished 
completely  at  all.  However,  the  Tafel  slope  of  52  mV  dec-1  in  the 
current  work  closely  matches  the  engineered  M0S2  nanoparticles 
with  highly  exposed  active  edge  sites,  suggesting  a  similarity  in 
surface  chemistry  for  these  two  catalysts  despite  differences  in 
morphology  and  preparation  method  [34]. 

The  most  inherent  measure  of  activity  for  the  HER  is  the  ex¬ 
change  current  density,  jo,  which  is  determined  by  fitting  j-E  data  to 
the  Tafel  equation  [12].  The  exchange  current  density  values  of  all 
the  samples  are  listed  in  Table  1.  We  can  see  that  j0  values  of  all  the 
amorphous  M0S2  samples  are  larger  than  that  of  CB-M0S2.  The 
most  active  catalyst  of  MoS2-220  shows  the  largest  exchange  cur¬ 
rent  density  of  14.59  pA  cm-2,  which  is  about  43  times  larger  than 
that  of  CB-M0S2  (0.34  pA  cm-2). 

To  get  a  direct  site-to-site  comparison,  the  rough  estimation  of 
TOFs  following  Jaramillo’s  method  [12],  as  shown  in  Table  1,  makes 
it  possible  to  compare  the  activity  of  amorphous  M0S2  with  other 
catalysts.  The  so-called  TOF  here  was  actually  defined  as  the  per- 
atom  exchange  rate  of  Mo,  where  the  active  sites  were  probably 
located.  Compared  to  CB-M0S2,  the  amorphous  M0S2  catalysts 
possess  much  higher  values  of  TOF,  and  especially  the  M0S2-22O 
shows  the  highest  TOF  value  of  0.03  s-1,  which  is  even  superior  to 
the  M0S2  nanoparticles  deposited  on  Au  by  UHV  [12],  indicating  an 
excellent  intrinsic  HER  activity. 

Besides  the  HER  activity,  the  stability  is  another  important  cri¬ 
terion  to  evaluate  the  HER  electrocatalyst.  To  study  the  stability  in 
acidic  environment,  long-term  potential  cycling  stability  of  M0S2- 
220  was  conducted  by  taking  a  potential  scan  from  -0.4  to  0.1  V  for 
1000  cycles  with  an  accelerated  scanning  rate  of  100  mV  s-1.  It  can 


be  seen  that  there  is  only  a  slight  activity  loss  after  1000  cycles,  as 
shown  in  Fig.  6,  indicating  a  good  durability,  consistent  with  the 
previous  reported  MoS2-based  electrocatalysts  [34,35]. 

4.  Conclusion 

In  summary,  amorphous  M0S2  nanoflowers  assembled  by 
nanosheets  with  few  layers  have  been  successfully  prepared  and 
present  excellent  HER  activity  due  to  their  highly  exposed  active 
sites  and  relatively  low  intrinsic  resistance.  The  catalyst  M0S2-22O 
exhibits  the  best  HER  activity  with  the  smallest  Tafel  slope  of 
52  mV  dec-1,  the  most  positive  onset  overpotential  of -130  mV  and 
the  highest  TOF  of  0.03  s-1,  making  it  a  promising  HER  electro¬ 
catalyst  for  practical  applications.  Rich  defects  obtained  at  low 
temperatures  not  only  provide  more  active  sites  but  also  deterio¬ 
rate  the  conductivity  at  the  same  time,  and  an  optimized  balance  is 
obtained  at  220  °C,  resulting  in  the  best  HER  activity.  This  work 
paves  a  way  to  synthesize  highly  active  HER  catalysts  with  special 
designed  structures  exposing  more  active  sites,  and  broadens  our 
vision  to  improve  the  activity  of  various  electrocatalysts  by  syner- 
gistically  structural  and  electronic  modulations. 
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